We report the results on low resistance indium tin oxide (ITO) thin films produced by r.f magnetron sputtering of a ceramic oxide target under Ar gas atmosphere. Thickness of the deposition has been tailor made from 0.74 m to 2.58 m by adjusting the time; the deposited films were characterized by XRD, TEM, electrical, optical and AFM studies. X-ray diffraction studies confirmed the presence of the ITO cubic phase with preferred orientation on (222) and (400) occurred for the films with thickness greater than 1.29 m. It was observed that average grain size increases from 10.5 nm to 34.4 nm with increasing film thickness from 0.84 m to 2.58 m. The lowest sheet resistance and the lowest resistivity were measured at 1.68 m and the corresponding values are found to be 12.36 /square and 2 077×10 −3 cm. The carrier concentration and mobility were calculated for 1.68 m ITO thin films. The variation of refractive index and extinction coefficient with wavelength for the film deposited with 1.68 m thickness were studied. It shows a high refractive index value of 1.92 at 550 nm which is in agreement with the reported value of 1.86 for the ITO films deposited by r.f magnetron sputtering. In the present work, ITO thin films possessing highly compact, void free and fully crystallized structure have been produced with an optimum thickness of 1.68 m, which can be suitably and selectively used for solar cells, charge coupled devices and LCD applications.
INTRODUCTION
Tin (Sn) doped indium oxide, commonly called as ITO, is one of the most popular transparent semiconductor compounds and has been intensively studied in recent years. This is a n-type semiconductor with a wide band gap (direct band gap energy of 3.6 eV) which exhibits a low electrical resistivity (<10 −4 cm) 1 2 and high optical transmittance (85-90%) in the visible region. The vital material properties possessed by ITO thin films are mechanical hardness, high transparency and chemical inertness, which are highly needed for various applications.
The ITO films have been produced using different deposition techniques such as reactive thermal evaporation (RTE), 3 chemical vapour deposition (CVD), 4 electron beam evaporation, 5 spray pyrolysis 6 and sputtering (with radio frequency), 7 direct current (d.c) 8 or magnetron assisted. 9 These films have been developed * Author to whom correspondence should be addressed.
aiming their applications as electric contacts and anti reflection coatings in a large variety of devices such as solar cells, 10 photo diodes, 11 image sensors, 12 liquid crystal displays 13 and charge coupled devices. 14 The properties of ITO films are strongly dependent on the deposition conditions, most significantly on the substrate temperature and the distance between the target and the substrate. There have been a lot of reports on dependence between these parameters. Some researchers have also studied the effect of films thickness on the properties of ITO films, e.g., Kim et al. 15 reported on the properties of ITO thin films (40 nm-870 nm) grown by pulsed laser deposition and Guittoum et al 16 studied the influence of the film's thickness on the physical properties of ITO films prepared by d.c. diode sputtering at low substrate temperature (80 C).
In In 2 O 3 films, carriers are generated by the oxygen vacancies. 17 18 In ITO films, the contribution of carriers to the conduction band occur either through creation of oxygen vacancies [V 0 ] or substitutionally four-valent Sn atoms. The creation a V 0 supplies a maximum of 2 electrons, while the substitution of an In atom with Sn atom provides an electron for the conduction process. Both conditions are true for crystalline ITO films.
In this article, we report on an extensive study of the effect of film thickness on the growth and the microstructural, electrical, optical and surface morphological properties of ITO films deposited with different thickness by r.f. magnetron sputtering by varying time of deposition.
EXPERIMENTAL DETAILS
ITO thin films were deposited on quartz substrates by r.f. sputtering deposition method using 13.56 MHz radio frequency magnetron sputtering system with 99.99% tin doped indium oxide (90:10 at %) ceramic target. The base pressure of the deposition chamber was 10 −6 torr and the working pressure was kept at 5×10 −3 torr under pure argon ambient. Sputtering was carried out by keeping the target to substrate distance constant at about 8 cm through out the experiment. The substrate temperature and the r.f power were kept constant through out the deposition at 150 C and 250 W respectively. The deposition was carried out for 10-30 min to obtain ITO films of different thickness values ranging from 0.74 m to 2.58 m. These films were obtained in the atmosphere of pure Ar gas and the effect of thickness on the structural, electrical, optical and morphological properties were studied.
The quartz substrates were first cleaned by a detergent, washed with distilled water, kept in freshly prepared hot chromic acid for 1 hour, again thoroughly cleaned with distilled water and finally subjected to ultrasonic cleaning for 1 hour. Film thickness was measured by the Stylus Profilometer (Mitutoyo). The optical transmittance measurements were made in the wavelength range 300-1100 nm using a Hitatchi-330 UV-Vis-NIR spectrophotometer. X-ray diffraction (XRD) measurements were carried out with X'pert Pro PANalytical using CuK radiation ( = 1 5406 Å) to study the crystalline properties of the films. Electrical properties were measured by a Four probe set up model DEP-02 (Scientific Equipment) DC power supply. Hall mobility and carrier concentration were calculated from the Hall voltage measured by the Vander Pauw method with a Ecopia HMS 3000 Hall constant measurement system. Surface morphology of the films was studied by Nanoscope E-3138j AFM/STM Molecular Imaging system atomic force microscope. TEM image and selected area electron diffraction (SAED) pattern were recorded using a JEOL 2010 Transmission Electron Microscope instrument.
RESULTS AND DISCUSSION

Structural Analysis by XRD
The analysed crystal structures conducted from X-ray diffraction patterns for various ITO samples deposited with thickness values 0.74, 0.84, 1.29, 1.39, 1.68 and 2.58 m are shown in (Figs. 1(a-f) ). On all the samples, the cubic bixbyite structure of indium oxide (JCPDS 6-0416) without any indication of crystalline SnO 2 as an additional phase was registered. The XRD peaks of all samples are confirmed to correspond well to In 2 O 3 structure by comparing them with the standard XRD data base 19 and no peaks from other materials are observed. The broad and weak diffraction region observed from the diffraction pattern of the ITO film with 0.74 m thickness, as is seen from ( Fig. 1(a) ), was regarded as the contribution of the amorphous-like structure.
However, in an amorphous state, it has been reported that the presence of Sn atoms in the ITO films does not contribute free carriers to the conduction band; rather they act as scattering centres in the films. 20 21 In the case of ITO film with 0.86 m, as is seen from (Fig. 1(b) ), the most intensive diffraction pattern appears at 50.8 . Besides, main diffraction patterns are detected at 30.9 and 59.9 . These peaks are coincident with the diffraction from (440), (222) and (622) orientation of cubic crystalline ITO 22 23 respectively. Therefore, the synthesised ITO film at 0.86 m seems to be a well crystallized cubic structure with a crystallite size of 10.5 nm.
The X-ray diffraction pattern of the film deposited with 1.29 m thickness also exhibits peaks only from the cubic (bixbyite) structure of indium oxide.
In In Figure 1 (e), for the ITO film deposited with 1.68 m, a sharp peak only for (400) orientation as well as small and narrow peaks for (222), (440) and (125) orientations could be found. The reason for (400) preferred orientation is that the concentration of oxygen vacancies in the ITO film at high temperature sputtering is higher than that of room temperature sputtering because of the reduced sticking coefficient of oxygen at higher temperatures. According to the literature, the predominant orientation changes from (222) to (400) as the oxygen incorporation in the structure decreases or the deposition rate increases. [24] [25] [26] On the other hand, the change in orientation from (222) to (400) can also influence the deposition rate because (222) oriented grains are less resistant against r.f sputtering than (400) grains. Besides, an increase of the (400) texture with the film thickness has been also observed for ITO layers deposited by the pulsed laser deposition 28 or by the spray pyrolysis 29 techniques. This coincidence in the structures of ITO films deposited by different methods indicates that these layers grow with a common mechanism. Therefore crystalline ITO deposited with 1.68 m typically grows with (400) orientation preferentially to accommodate oxygen vacancies on these planes. Also, in the case of the sample deposited with 1.68 m, it is assumed that recrystallization occurs, that is, the lattice structure rearranges at that thickness. Also, high sputtering energy, 30 high deposition temperature during sputtering, 31 or using oxygen-free electron cyclotron resonance sputtering 32 has been observed to be favourable for the growth of (400) oriented ITO films at 1.68 m. Hence it is found that, ITO sample having 1.68 m thicknesses is relatively well crystallized into cubic structure.
On the other hand, the XRD data of the ITO film deposited with 2.58 m, showed single crystallinity as shown in Figure 1 (f) with a sharp peak only for (440) orientation. The main reason for this is that when an ITO film deposits on the substrate, the accumulated particles build higher thickness. 33 Also, ITO films on the substrate appeared crystalline because of high energy particles 34 and the reduced oxygen vacancies with decreased carrier concentration 35 led to an increase in resistivity of the 2.58 m thick sample.
As well, there seems some difference in crystal orientation and in particle size among the samples of different thickness.
XRD results indicate the four main different orientations (222), (400), (440) and (433) normally observed for ITO films. 36 Via Scherrer's equation
Powder diffraction patterns can be used to calculate the average crystallite size. It is observed that average grain size increases from 10.5 nm to 34.4 nm with increasing film thickness from 0.84 m to 2.58 m (Fig. 2) . In the case of crystal orientation, the ratio of peak intensity originated from any of the (400), (440) and (622) by that of (222) are considerably changed according to different thickness of ITO films. Therefore, we compared the crystal orientation by calculating the ratio. 37 The ratios of I 440 /I 222 of the samples having 0.84, 1.29, 1.39 and 1.68 m thickness are 2.82, 0.19, 0.45 and 0.05 respectively ( Table I ). The ratios are highest at 0.84 m (Fig. 3) . It is guessed that it is attributed to the difference in O 2 concentration. 38 In the lattice structure of ITO films, (622) and (440) The multi oxide semiconductor forms a solid solution over the entire range of Sn doping, but distorted the In/Sn 1 and In/Sn 2 lattice heavily (Fig. 4) . The solid solution is discontinuous as Figure 5 shows the bright field image, selected area diffraction pattern and lattice fringe images of nanocrystalline ITO thin films. Particle agglomeration was observed and the particle size was determined to be 40(5) nm, consistent with the XRD results ( Fig. 5(a) ). The selected area diffraction pattern (SADP) shows that the major peaks correspond to ITO and the lattice constants were consistent with the results obtained from XRD analysis (Fig. 5(a)-insert) . The distance between the two lattice fringes was 1.00120 nm, corresponding to the (100) plane of ITO (Fig. 5(b) ). (Table II) as seen in Figure 6(b) .
TEM Analysis
Electrical Properties and Microstructure
However, the causes for this type of mobility change versus thickness of ITO films become an issue that authors are interested in. On the other hand, XRD provides us with plenty of interesting information that reveals some correlation between mobility and microstructure. Moreover, for ITO films with such carrier concentration, they are degenerate semiconductor and the mean free path L of conduction electrons can be calculated using the model of free electron Fermi gas. 41 That is,
where h is the Planck's constant and e is the electron charge.
Having D and L, the inside grain scattering effect of carriers for ITO films can be compared according to their D/L values. Calculation results of these XRD related data are shown in Table I . From the correlation of the data shown in Tables I and II , the causes for the mobility change may be given as follows. First, the mean free path of conduction electrons is larger than mean grain size for all films except for the films deposited with thicknesses of 1.39 m and 2.58 m. There are obviously different D/L values of about 0.88, 0.21, 4.71, 0.26 and 2.14 for these ITO films. ITO film deposited at 1.68 m has the lowest D/L value of 0.26 and the mean free path of conduction electrons is the highest having relatively larger grains hence will experience fewer inside-grain scatterings than those of other samples with less grain boundary scatterings. Therefore, fewer inside-grain scatterings and negligible grain boundary scatterings are considered to be the reasons why ITO films deposited at 1.68 m, has better electron mobility and hence, the scattering of conduction electrons inside the grain plays an important role in affecting the electron mobility. This crystallinity difference is most likely due to the difference in the bombarding energy of particle during film deposition.
Frank and Kostlin 42 found that at the same and high doping level, the lattice constant of oxidised ITO film is smaller than that of reduced ITO. The position of each XRD peak (2 440 is used to calculate the lattice constant 'a' of each of ITO film and the deviation from that of standard In 2 O 3 (1.00118 nm), a (=a − 1 0118 nm), is obtained. A negative value of a means lattice contraction and a positive value means lattice expansion. The lattice constant change indicated by a value of our samples shows that all the samples have positive a. This indicates that they are in more reduced states, hence the sample deposited with a thickness of 1.68 m, possesses greater value of a (+0 035 nm), can have higher electron mobility 43 of 12.01 cm 2 /Vs. The sample deposited at 1.29 m, possesses the smaller value of a (= + 0 00048 nm), can have lesser electron mobility of about 7.587 cm 2 /Vs.
Optical Investigations
The typical optical transmission T spectra of few representative ITO films on glass substrates are shown in Figure 7 . The average transmission (T av ) of ITO films is defined in the visible wavelength region (400-800 nm) as T av = T s /T g , where T s is the mean transmission of sample (ITO/glass) and T g ∼ 0 99 is the measured mean transmission of glass. The simultaneous achievement of maximum optical transmission and electrical conductivity is an important but not an easy task since these two properties are inversely related. Therefore, a figure of merit has been developed to characterise transparent conductive oxide films like ITO. An optimal consideration between electrical sheet resistance R s and optical transmission was suggested by Haacke 44 who defined the figure of merit as
with the average transmittance, T av , being computed in the 400-800 nm wavelength range. The optimal value is found to be 6 5 × 10 −2 −1 , achieved at 1.68 m thickness at which the sample is with the maximum carrier concentration (Table II) .
200 300 400 500 600 700 800 900 1000 1100 Refractive index and extinction coefficient values of ITO films in the wavelength range 350 nm to 1000 nm were calculated from the interference patterns of transmission spectra. Figure 8 shows the variation of refractive index and extinction coefficient with wavelength for the film deposited with 1.68 m thicknesses. It shows a high refractive index value of 1.92 at 550 nm which is in agreement with the reported value of 1.86 for the ITO films deposited by reactive RF magnetron sputtering. 45 The average extinction coefficient value is about 0.067. It confirms The transmittance data obtained for the films were used to calculate the absorption coefficients at different wavelengths using the following relation:
where d is the film thickness and T is the transmittance of the film. The optical band gap of the ITO films is calculated from the transmission spectra by assuming a parabolic band structure for the material. The relationship between the absorption coefficient and the optical band gap can be expressed as
where E g is the band gap energy, is the absorption coefficient corresponding to frequency . The constant N depends on the nature of electronic transition. In the case of ITO films, N is equal to 2 for direct allowed transition. The optical band gaps of ITO were determined 46 by extrapolating the linear portion of the curve from the plot of ( h 2 versus h to h = 0. In this study, the optical band gap values show a small variation between 3.36 and 3.48 eV, with the maximum band gap value of 3.48 eV for the 1.68 m thick ITO film as observed from the inset of Figure 7 . This value is smaller than the other reported values. 47 48 The film thickness may be the reason for this low optical band gap value. The ITO films studied in this work are quite thick (approximately 1000 nm) and normally, the thicker the films is, the smaller the optical band gap is. 49 Also, the optical transmittance of the ITO thin films averaged over a wavelength range of 400 nm-800 nm (visible) plotted against thickness is shown in Figure 9 . The average transmittance (80%) was obtained at 1.68 m which also yielded the best structural and electrical properties. Figures 10(a, b and c) shows the three dimensional (3D) surface morphology of ITO films of thickness 2.58, 1.68 and 0.84 m respectively. The increase in grain size with increasing thickness is evident from the surface topography. The grain size distribution of 1.68 m thick ITO film is uniform and presents a smooth surface. The surface morphology for the 2.58 m thick ITO films is non-uniform and is irregular with protrusions observed due to the larger sized grains above the small grains.
Morphological Analysis by AFM
CONCLUSIONS
ITO films with thickness values ranging from 0.74 m to 2.58 m have been prepared by r.f. magnetron sputtering of a ceramic oxide target under Ar gas atmosphere. We have studied extensively the effect of thickness on the structural, optical and electrical properties. All these properties show a significant change at about 1.39 m to 1.68 m. The microstructure of the films is quite different for the thin and thick films. For thickness >1 29 m, the films grow steadily with many grain orientations independent of the thickness, whereas for thickness <1 29 m, there exist nearly only (222) and (400) orientations.
It can be concluded that the microstructure of the films changes with film growth, resulting in an improvement of the film's properties. Highly transparent ITO films with a visible transmittance of about 82% at 550 nm and a low resistivity of 2 077×10 −3 cm have been obtained at 1.68 m thickness.
